Hydrangea ringspot virus has been purified to near homogeneity. Virus nucleic acid was identified as single-stranded RNA with an S value of 33"6 before and 2I .1 after formaldehyde denaturation. Nucleic acid tool. wt. determinations made by linear log sucrose density gradient centrifugation gave values of 2.25 × IO 6 and 2q4x io 6, respectively, for native and formaldehyde-treated RNA. Electrophoresis on polyacrylamide gels before and after formaldehyde denaturation gave tool. wt. values of 2"64 x lO s and 2"03 x ToL The values from formaldehyde denatured RNAs are considered the most reliable. Thermal denaturation profiles showed a T~, of 55"2 °C in o.I M-sodium phosphate, pH 7"o, and a hyperchromicity of 22"4%.
INTRODUCTION
Nucleic acid analyses of plant viruses provide some of the most important information for determining placement of viruses in established groups. Such information is more extensive for plant viruses with icosahedral or rigid rod-shaped particles than for those, such as hydrangea ringspot virus (HRSV), with flexuous rod-shaped particles.
HRSV, (R)/(0 :*/* :E/E :S/*, was first described by Brierley & Smith (1952) . The virus has particles with a model length of approx. 490 nm and has been placed in the potexvirus group (Matthews, I97o ) . The virus has a worldwide distribution in cultivated (florists') Hydrangea macrophylla (Koenig, 1973) , in which it can cause leaf and floral deformation (Belli & Belli, 1967; Zeyen & Stienstra, I973) , and it has a limited host range in herbaceous plants (Hollings, I958) .
Although reasonably homogeneous preparations of HRSV have been described previously (Sisler et al. I957; Belli & Belli, ~967; Koenig, I973) , the virus is difficult: to separate from extraneous host components, and a critical characterization of HRSV nucleic acid has not been published (Koenig, i973) . Reported here are the purification of HRSV to near homogeneity and characterization of the virus nucleic acid.
METHODS

Virus purification. Virus was obtained from infected plants of Hydrangea macrophylla.
Leaf tissue was homogenized in o.i M-sodium-potassium phosphate buffer, pH 7"o, containing o.oo5 M-EDTA and o.5% 2-mercaptoethanol by using a Waxing Blendor. The blended material was squeezed through 2 layers of cheese-cloth and the fluid emulsified with chloroform to a final concentration of2o % (v/v). The product was centrifuged at 2520 g for Io min, and the resultant supernatant liquid was centrifuged at 44373 g for 3"5 h in a Spinco al rotor or at 65ooo g for 2 h in a Spineo 3o rotor. Pellets were resuspended in o.I M-sodium borate, pH 8% containing o'oo5 M-EDTA and o-1% 2-mercaptoetbanol. Purification was completed by equilibrium density gradient sedimentation in CsCI followed by Q/ dialysis against o.1 M-sodium borate, pH 8-r, containing o'oo5 M-EDTA and o.~ /o 2-mercaptoethanol. The purified product was birefringent and infectious as shown by production of local lesions in Gomphrena gtobosa L. leaves. Purified virus was analysed in linear gradients of io to 4o% sucrose (w/v) in o.I Msodium borate, pH 8.~, containing o.oo 5 M-EDTA. Two ml of purified virus was layered on top of each gradient, and preparations were centrifuged at 54ooo g for 3"5 h at 4 ° C in a Spinco SWz5"t rotor. Gradients were analysed spectrophotometrically with an ISCO (Instrumentation Specialties Co., Lincoln, Nebraska) density gradient fractionator.
The nucleic acid from bromegrass mosaic virus (BMV; ATCC-PVI8o) was used as an internal standard for mol. wt. determinations. BMV was isolated as described by Bockstahler& Kaesberg (I962, 1965) .
Preparation of virus nucleic acids. HRSV in o'~ M-sodium borate, pH 8.I, containing 0-005 M-EDTA and o-t % 2-mercaptoethanol was incubated with an equal vo[. of o.2 Mammonium carbonate, pH 9"% o.ooz M-disodium EDTA, 2 % SDS (ethanol recrystallized), and Img EDTA-treated bentonite per ml for 8 to 12 h at 4 °C (Brakke & Van Pelt, I97ob ) . Nucleic acid, isolated from the mixture by sucrose density gradient centrifugation, was collected by fractionation of the gradient with an ISCO density gradient fractionator and was precipitated by addition of 3"o M-sodium acetate, pH 5"o, to a concentration of o.~ ~ and I-5 vot. of cold isopropanol. The mixture was placed at -20 °C for I5 to 2o h, and the resulting precipitate collected by centrifugation. The pellet was resuspended in an appropriate buffer and used immediately or stored frozen.
BMV RNA was extracted by using a two-phase phenol system, partitioning against ether to remove residual phenol, and precipitating twice with sodium acetate, pH 5"0, and ethanol. The preparation was stored at -2o °C until used. During manipulation of nucleic acids only autoclaved glassware and solutions were used. RNA concentrations were determined spectrophotometricalty by using an extinction coefficient of 25 cm~/mg at 260 nm.
Mol. wt. estimates. The HRSV nucleic acid tool. wt. estimates were made by using density gradient centrifugation and polyacrylamide gel electrophoresis before and after reaction of the molecule with formaldehyde. Rate zonal density gradient sedimentations were performed by using linear tog gradients (Brakke & Van Pelt, 197oa ) prepared in I x SSC (oq 5 MNaC1, o.ol 5 M-sodium citrate), pH 7"0. Gradients were stored at 4 °C overnight to allow for diffusion of sucrose. Before centrifuging, 1.5 ml of the gradient was removed and replaced with T.o ml of the nucleic acid sample in I x SSC, pH 7"o. Gradients were centrifuged at 825oo g in the Spinco SW27 rotor for ~5 h at 14 "C and analysed with an ISCO fractionator.
The sedimentation coefficient of HRSV RNA was determined by centrifuging BMV marker RNAs with HRSV RNA in the same tube and plotting log depth against log S value. The line of best fit was calculated by the method of least squares for each experiment, and the S values were calculated from the regression lines. Brome mosaic virus RNA values used were ~3'8, 2o'5, and 25"3S before reaction of RNA with formaldehyde and ro-L r3"9, and T5-6S after reaction with formaldehyde (Brakke & Van Pelt, I97ob) .
Polyacrylamide gel electrophoresis was performed in 2-4 % polyacrylamide (I ecrystallized from chloroform) gels containing o-I2% bisacrylamide (recrystallized from acetone), 0"5% agarose (Bausch and Lomb 'Seakem'), o-I 1% N, N, N', N'-tetramethylethylenediamine, and o-~I°~,o ammonium persulphate. The buffer was o-o9 M-Na.,HPO4, o.oI MNaH2PO ~. Components were mixed at 48 °C, and poured into o.6 cm internal diam. glass tubes, previously rinsed with 0. 5 % Photo-Flo 20o (Eastman Kodak Co., Rochester, N.Y.), and oven dried. After polymerization, the upper portion of the gel was extruded and cut fiat with a razor blade. The tray buffer consisted of o.oi8 M-Na2HPO~, 0.002 M-NaHzPO 4. Gels and tray buflbr contained l.I M-formaldehyde, and before application of the RNA sample, gels were run for I h at 5 mA/gel. The tray buffer was changed before sample application (5 to lo #g) and periodically during the run to minimize pH changes. The nucleic acid samples in 0"09 M-NazHPO4, o.oI M-NaH~PO~ also contained 4% sucrose. At the conclusion of a run, gels were extruded into o.2 M-NaC1 and scanned at 260 nm by using a Gilford 24Io-S linear transport coupled to a Beckman Model DU monochromator.
Standards used for tool. wt. determinations of HRSV RNA, not modified with formaldehyde, were BMV RNAs with assumed tool. wt. of I. were determined under conditions in which RNAs had no residual hyperchromicity and, therefore, were completely denatured. Electrophoretic mobilities were calculated relative to the third component of BMV RNA. Mobitities of the standards were plotted against the logarithms of their raol. wt. for each experiment, and the line of best fit was calculated. Mol. wt. of HRSV RNA was then calculated from the regression lines.
Formaldehyde denaturation of BMV and HRSV RNAs was done essentially as described by Boedtker 097I). Nine vo]. of the RNAs in 1 × SSC, pH 7"0 (sedimentation analysis), or o-o 9 M-Na2HPO4, o.oi M-NaH2PO4 (gel electrophorcsis) were mixed with I vol. of a solution prepared by diluting 37 % reagent grade formaldehyde with 0-2 vol. of 5 x SSC, pH 7"0 (sedimentation analysis), or o'2 vol. of o'45 M-Na.,HPO4, 0"05 M-NaI-I.,PO4 (gel electrophoresis). The resultant I.I M-formaldehyde solution was heated at 63 °C tbr I5 rain and then rapidly chilled in an ice bath. The HRSV RNA was used immediately, and BMV RNAs were either used immediately or stored at -2o °C.
Infectivity. HRSV RNA preparations were precipitated with cold isopropanol and sodium acetate and divided into two equal parts. After centrifuging of the two samples, one pellet was resuspended in 1 x SSC, pH 7"o, and the other in o'o35 ~a-K2HPO.t, o'o5 M-glycine, pH 9"2, containing 5oo #g/ml EDTA-washed bentonite and Io mg/ml Celite. Infectivity was determined by applying two drops of nucleic acid solution to a half-leaf of the local lesion host, Gomphrena globosa, and rubbing the solution into the leaf with the flat end of an autoclaved vial. The other half of the leaf was inoculated with a standard, prepared by grinding infected hydrangea leaf tissue in o.o~ M-potassium phosphate, pH 7"o. Leaves were rinsed with water soon after inoculation.
Thermal denaturation. Eight to fifteen micrograms of RNA in o.~ M-sodium phosphate, pH 7'0, were placed in the thermal cuvette of a Gilford Model 2527 thermoprogrammer. For thermal transition profiles of formaldehyde-denatured RNAs, HRSV and BMV RNAs were previously denatured with formaldehyde as described by Boedtker (I97I), and tobacco mosaic virus (TMV) RNA was formylated by dialysis for I6 h at 4 ° °C against I.I Mformaldehyde in o.I M-sodium phosphate, pH 7"0, because formylation at 63 °C causes extensive degradation of TMV RNA (Boedtker, 1968; Brakke & Van Pelt, 1970 b; J. H. Hill & H. I. Benner, unpublished results) . A programmed temperature gradient of 1-o °C/rain was generated, and E.,n0 readings were recorded at I-rain intervals. Data were corrected for thermal expansion of the solvent by using a hypoxanthine solution with the same extinction as the sample. When RNAs were denatured with formaldehyde, the hypoxanthine solution was treated identically to the RNA. All experiments were replicated three or four times. 
RESULTS
Purification
Analyses of purified virus in linear sucrose gradients often revealed two ultraviolet absorbing legions (Fig. I a) , which were collected separately, dialysed against o.I M-sodium borate, pH 8-1, containing 0"oo5 M-EDTA to remove sucrose, and concentrated by ultracentrifugation. After resuspension of the pelleted material, peak t material was birefringent, and peak 2 material was not. The u.v. absorption spectrum of the two regions suggested that peak I was primarily virus and that peak 2 was contaminating host protein. Observation of Fig. 2 . Electron photomicrograph of highly purified HRSV virions from peak ~ in linear-log sucrose gradients. The preparation was negatively stained in 2 % phospl~otungstate, pH 70. Fig. 3 -Electron photomicrograph of material from peak z in finear-log sucrose gradients. Peak z contained few HRSV virions and large quantities of clumped, amorphous materials (arrow). The preparation was negatively stained in 2.,,o°/phosphotungstate, pH 7"0.
the two fractions, in negatively stained preparations, by electron microscopy showed that material in peak 1 contained highly purified HRSV particles (Fig. 2) , whereas material in peak 2 contained low concentrations of virus particles and large quantities of amorphous, clumped material (Fig. 3) which may be related to the amorphous proteinaceous materials observed by Zeyen 0973) in cells of Hydrangea macrophylla containing large quantities of virions (Fig. 4) .
Although sucrose density centrifugation gave good separation of peaks I and 2, it was not possible to remove or alter distribution of the peaks. One cycle of fleezing and thawing the virus before CsCI equilibrium centrifugation did not alter the distribution of the two peaks nor did addition of 2o % Nonidet-P4o to a final concentration of 1% (v/v).
Properties of virus nucleic acids
Attempts to degrade the HRSV virions with a two-phase phenol system yielded an aqueous layer that was still highly birefringent, suggesting minimal degradation of the virus. Removal of the undegraded virus by ultracentrifugation in tubes boiled in 4 % (w/v) SDS yielded a supernatant liquid that contained little RNA.
Degradation of the virions with the ammonium carbonate system (Brakke & Van Pelt, I97ob ) yielded a single peak in sucrose density gradients and in acrylamide gel electrophoresis experiments before and after modification of the RNA with formaldehyde ( Fig. i b, 5 a) . The nucleic acid was identified as RNA by its positive reaction with orcinol (Shatkin, 1969) and by a negative reaction with diphenylamine, a test for DNA (Burton, I956). The u.v. spectrum of virus RNA in I x SSC, pH 7"0, exhibited a maximum extinction at 257 nm and a minimum at 233 nm with a max:rain ratio of I-7 x indicating relatively little contamination by proteins.
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J.t-I. HILL AND OTHERS Fig, 4 . Electron photomicrograph of a portion ofa H. macrophyfla leaf rnesophyll cell. Leaf material was fixed and treated as reported by Zeyen & Stiens~ra (1973) . Infected cells containing large quantities of HRSV virions (V) often also contained large quantifies of clumped, amorphous materiM (am) in their central vacuoles; cell wall (W). The amorphous material in these ceils may' be responsible for difficulties, experienced by many investigators, in obtaining pure preparations of HRSV.
The sedimentation coefficient of HRSV RNA, determined by centrifuging HRSV R N A with BMV RNAs in the same tube (Fig. ~ e) , was 33"6 + o'5S (mean and standard deviation in eight experiments) at 14 °C in I x SSC, pH 7.o, corrected to the viscosity and density of water at zo °C. Hull, Rees & Short (I969) have empirically derived the relationship M = I557 S 2"°7 relating mol. wt. (M) of an R N A macromolecule to the sedimentation coefficient (S). With this formula, the tool. wt. based on S value is 2"25 x IO 6. A more precise value, which minimizes the influence of secondary structure on tool. wt. determinations (Boedtker, I968), can be obtained after denaturation of RNA with formaldehyde. Analysis of formylated HRSV R N A by using formylated BMV RNAs as standards in the same tube (Fig. I c) indicates a mean value o f z t -I ± o.iS (mean and standard deviation in nine experiments). Substitution into the formula, S = o.o83 M °38, relating sedimentation coefficient (S) to the mol. wt. (M) of formylated RNAs (Brakke & Van Pelt, 197ob ) , indicates a somewhat lower value of 2"14 x IO 6 for I-IRSV RNA.
The mean and standard deviation o f H R S V R N A tool. wt. determined by co-electrophoresis of HRSV RNA with BMV RNA standards in polyacrylamide gels (Fig. 5 b) was 2"64+ o'o5 x 1o 6 determined in 7 experiments. After denaturation of HRSV RNA with formaldehyde and electrophoresis with formylated BMV RNAs in formalin-containing gels, a mean mol. wt. of 2.o 3 _ o-o 7 x lO G was obtained in I I experiments. The two largest mol. wt. components of BMV RNA were readily resolved before they were denatured with formaldehyde, but separation was not usually obtained after denaturation (Fig. 5b) . Co-electrophoresis of the similar mol. wt. TMV and HRSV RNAs did not allow separation of the two species before or after modification with formaldehyde. Similar results were obtained in attempts to differentiate TMV and HRSV RNAs in density gradient experiments with nondenatured RNAs. The calculated 37.2% reduction in sedimentation coefficient of HRSV RNA after, modification with formaldehyde reflects the degree of secon.dary structure in the molecule. Similarly, the reduction of41.8 % + 5"6 (mean and standard deviation in eleven experiments) in electrophoretic mobility, obtained in co-electrophoresis experiments of formaldehydedenatured HRSV RNA with non-formylated RNA in formaldehyde-containing gels, also demonstrates the secondary structure of the molecule.
Melting curves of the RNAs in o.I M-sodium phosphate, pH 7"o, were characteristic of single-stranded RNAs having some secondary structure (Fig. 6) . The extent and nature of RNA secondary structure can also be estimated from the percentage hyperchromicity and D), and T,~ of the molecule. Hyperchromicity of HRSV, TMV, and BMV RNAs was 22"4%, 27"7 %, and 27"9 %, respectively. Assuming 5 ° % hyperchromicity for a completely basepaired polynucleotide (Doty et al. 1959) , our measurements suggest that 44%, 56%, and 56 % of the bases of HRSV, TMV, and BMV RNAs respectively are involved in hydrogen bonding in this buffer system. Our experiments revealed T~ values of 55"2 °C for HRSV RNA, 52"0 °C for TMV RNA, and 54'2 °C for BMV RNA.
• The reliability of RNA tool. wt. determinations after formaldehyde denaturation is contingent upon evidence that secondary structure of a single-stranded RNA has been eliminated. All virus RNAs used in this study have a residual hyperchromicity below the 5 % that may be associated with single-stranded base stacking (Boedtker, I971 ; Fig. 7 )-These results are good evidence that secondary structure did not influence the values that we report after modification of the RNAs with formaldehyde. The isolated RNA was infectious, when assayed on Gomphrena globosa, in both I x SSC, pH 7"0, and o'o35 M-K2HPO~, o'o5 M-glycine, pH 9-2. Infectivity seemed greater in the SSC, however, than in the phosphate-glycine buffer. The data indicate that the near homogeneous virus preparation yielded virus RNA that produced symptoms indistinguishable from those produced by inoculation with HRSV virions.
DISCUSSION
We have purified HRSV to near homogeneity. The product of our purification procedure formed 2 peaks on sedimentation in sucrose density gradients. Substances in peak I exhibited flow birefringence, a u.v. absorption spectrum similar to nucleoprotein particles, and large quantities of infectious HRSV virions as determined by electron microscopy and local lesion assay. Substances in peak 2 did not exhibit flow birefringence, had a u.v. absorption spectrum characteristic of protein, and contained large quantities of amorphous material and few virions when examined by electron microscopy. Substances in peak 2 may correspond to the second, non-infectious, electrophoretic component reported by Sisler et aL (1957) during purification of HRSV. The isolation of proteinaceous materials during HRSV purification seems to be a phenomenon common to several purification techniques and also was observed by R. J. Zeyen (unpublished data) when using absorption column chromatographic techniques adapted froln Venekamp (1972) to purify HRSV from Hydrangea maerophylla.
Degradation of the HRSV virions with ammonium carbonate yields a homogeneous, infectious nucleic acid, which is single-stranded RNA. Density gradient centrifugation and gel electrophoresis of the RNA after denaturation with formaldehyde suggest that the RNA is intact without' hidden breaks' in the base-paired region of the molecule. Recent investigations have shown that ammonium carbonate degradation of the flexuous rod-shaped particles of turnip mosaic virus induces 'hidden breaks' in the RNA molecule that are not detected by density gradient or gel electrophoretic analyses until after denaturation of the molecule with formaldehyde (Hill & Benner, t976 ) . Such results indicate the need to denature a single-stranded RNA before assessing its integrity.
Loening 0967) has demonstrated that a combination of sedimentation analysis with polyacrylamide gel electrophoresis can distinguish differences in tool. wt. from differences in structure of RNAs, suggesting that secondary structure of the HRSV RNA may be responsible for the 0"39 x ~o 6 difference in mol. wt. obtained by the two methods before formaldehyde denaturation. Therefore, to test this suggestion, the RNA was denatured and renaturation prevented by reaction with formaldehyde to prevent hydrogen bonding within the molecule and between RNA subunits (Boedtker, t968). The much closer agreement between the 2"o3 × Io 6 mol. wt. determined by gel electrophoresis and the 2. ~4 x ~o ~ tool. wt. obtained by density gradient centrifugation is interpreted to mean that secondary structure was responsible for the apparent difference. Our hypothesis is substantiated by hyperchromicity data demonstrating fewer base-paired polynucleotides in HRSV RNA than in RNAs of the TMV and BMV standards. This suggests an explanation for the differences in mol. wt. determination obtained by two different methods before formaldehyde modification of the RNA molecules. Similar experiments with RNAs from viruses in the potyvirus group show little difference in numbers of base-paired polynucleotides between potyvirus RNAs and the RNAs from tool. wt. standards (Hill & Benner, ~976) . As would be predicted from this data, differences in tool. wt. determinations of these molecules by gel electrophoresis and sedimentation analysis before and after formaldehyde modification are slight. This demonstrates the necessity of choosing standards with hyperchromicity measurements similar to that of the unknown, if mol. wt. measurements are made that do not employ denatured RNA molecules.
Experiments showing elimination of RNA secondary structure by formaldehyde denaturation substantiate our contention that the most reliable mol. wt. of HRSV RNA is 2.o8 × ~@, derived from the mean of data obtained by analysis of denatured RNA on gels and density gradients. This value is different from 2'5 × to e tool. wt. obtained for HRSV RNA by K oenig (1973) under apparently non-denaturing conditions, which we have shown to give spuriously high mol. wt. for HRSV RNA. The accuracy of our measurement is further supported by our inability to separate HRSV RNA from the z.o 5 × IO 6 tool wt. TMV RNA in gradients or on gels.
Little information is available concerning the secondary structure of rod-shaped plant virus RNAs. Such data may be a useful criterion for further evaluating the placing of viruses in groups when considered concurrently with other information. The 37"2 % reduction in sedimentation coefficient and 42 o,, reduction in electrophoretic mobility upon formaldehyde denaturation of HRSV RNA is a reflection of its degree of secondary structure. The 22"4% hyperchromic shift for HRSV RNA suggests that a moderate number of bases in HRSV RNA are involved in base pairing.
This investigation suggests the following cryptogram for HRSV: R/I:2.o8/*:E/E:S/*.
